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Abstract
In this work we consider the HL-LHC discovery potential in the 3 inverse atto-barn data set
for gluinos in the gluino-weakino associated production channel. We propose a search in the jets
plus missing energy channel which exploits kinematic edge features in the reconstructed transverse
mass of the gluino. We find that for squark masses in the 2 TeV range we have 5 sigma discovery
potential for gluino masses in the range of 2.4 to 3 TeV, competitive with the projections for
discovery potential in the gluino pair production channel.
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INTRODUCTION
The Large Hadron Collider is well into its search for physics beyond the weak scale.
The discovery of a light seemingly fundamental scalar boson reinforces the urgency of the
hierarchy problem. Though Supersymmetry is a leading paradigm to explain the naturalness
of this new particle, SUSY partners have not yet been discovered. It is assumed that the first
smoking gun signal for Supersymmetry will come in the form of jets plus missing energy
signals from the production of strongly coupled superpartners, the squarks and gluinos.
However, existing searches already greatly constrain the masses of light-flavored squarks
and gluinos, except in highly mass degenerate scenarios. An estimation of the gluino/squark
lower mass bound in the jets plus EmissT channel from ATLAS puts gluino masses just over
2 TeV, with bounds as high as 1.6 TeV on light generations of squarks [1]. CMS excludes
gluinos decaying to flavorless jets plus EmissT with masses just above 1.6 TeV, while light-
flavored squarks are bound at masses just over 1.3 TeV [2].
The five sigma discovery potential for the colored sparticles is being approached by already
existing limits. For example, upper bounds on the discovery potential of gluinos in the jets
plus EmissT channel are estimated to be roughly 2.4 TeV at CMS [3], and around the same
at ATLAS [4]. In a few scenarios, where decays chain are engineered to vastly prefer decay
through heavy flavored squarks, the 5 sigma discovery limit on gluino masses is 2.8 TeV [5].
This presents an uncomfortable shadow scenario for the weak scale physicist, SUSY partners
may have masses in the intermediate TeV range, but yet be undiscoverable with the Large
Hadron Collider. In its High Luminosity Run the LHC will take 3 inverse atto-barns of data.
However this represents a sensitivity gain growing only with the square root of luminosity,
therefore some SUSY production modes will simply remain invisible to searches even with
the full HL-LHC data set. It is then incumbent on the phenomenologist to switch focus to
more rare but spectacular SUSY production modes which are able to become visible in the
high luminosity data set of LHC. In particular rare events with extremely boosted states
offer an excellent signal to background ratio, and thus hope to offer discovery scenarios to
the HL-LHC
In this series of papers we propose to study a set of rare SUSY production process
which increase the discovery potential for superpartners. This work focuses on the gluino
discovery potential. Standard searches focus on the process of gluino pair production pp→
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g˜g˜. However the kinematic threshold in the pair production process severely cuts off the
production mode for heavy gluinos. In addition there are many jets in the events, and large
background for the process. Instead we propose to consider the production of a single gluino
and weakino(either neutralino or chargino), pp → g˜χ±0 , first proposed in reference [6]. The
process yields events with jets plus missing energy however, as weakinos are expected to be
much lighter than gluinos, the kinematic wall for the gluino mass is significantly relaxed. The
events contain a substantial amount of missing energy, and in addition the relative clean-
ness of the events allows us to reconstruct the jets from the gluino decay into kinematic
discriminants involving the transverse mass. Exact production cross section for the process
will depend on the admixture of the weakino. Depending on the weakino admixture and
weakino mass splittings, there may be a hard leptons in the events which result from the
decay of charginos or next to lightest neutralinos. In this work we will thus choose to work
in a wino-like weakino scenario. Wino-like lightest supersymmetric particles(LSPs) present
themselves over much of SUSY parameter space as can be seen in classes of models like the
PMSSM [7], General Gauge Mediated Models [8][10][9] [11][12], and extensions of anomaly
mediation [13]. In these scenarios gluino associated production with wino-like charginos
is appreciable and the charginos decay to very mass degenerate neutralino LSPs, hence
minimizing the number of hard particles in the event. This work is meant to be a proof
of principle of the viability of the gluino-weakino production as a discovery process, we
thus conservatively choose to study a simple inclusive channel with a specialized jets and
missing energy analysis. Extending analyses to include other cuts or other weakino scenarios
may improve these results even more. By exploiting large missing energies and a kinematic
feature in the transverse mass of jets resulting from gluino decay, we will demonstrate that
we can provide a good discovery potential for gluino masses in the 2.4 to 3 TeV range.
This paper is organized as follows, Section 2 discusses production modes and cross sections
for gluino-weakino production. Section 3 lays out the SUSY parameter space and event
kinematics, Section 4 describes our cut based analysis. Section 5 gives results for the gluino
discovery potential at the HL-LHC. Section 6 concludes.
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FIG. 1: Production modes for a single colored MSSM particle in association with a chargino or
neutralino.
PRODUCTION MODES
There are various processes by which a colored SUSY particle may be produced in asso-
ciation with a weakino. We present diagrams of these production mechanisms in figure 1.
Gluino-weakino production follows through a t-channel process through exchange of a vir-
tual squark, the tree level exchange is dominated by the light flavors of squark. The resulting
weakino may be charged or neutral. Production of a squark in association a neutralino or
chargino may arise through a quark-gluon fusion process through virtual squark exchange,
again the resulting weakino may be charged or neutral. A loop level process is also possible
in which one gluino and one neutralino are produced through gluon fusion, here all flavors
of virtual quarks and squarks run in the loops. We may now explore the relative production
cross section of these processes for some typical masses for the MSSM particles using simple
benchmark points.
In figure 2 we show the computed cross sections for the production of squarks or gluinos
in association with the bino-like lightest neutralino. In order to demonstrate the relative
production cross sections of tree level vs loop level processes, the cross sections have been
computed using the Madgraph5@NLO [14], and the one loop SUSYQCD model [15]. Since
virtual squarks mediate all processes, we have plotted all production cross sections as a
function of squark mass, where we have assumed equal masses for all flavors of light flavor
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FIG. 2: Relative production cross sections for colored SUSY particles produced in association with
a bino-like neutralino or various benchmark masses. The production cross sections are plotted as
a function of squark masses given in TeV on the x axis.
squark. Here we have chosen 4 benchmark points; heavy( mχ=1 TeV) and light (mχ = 100
GeV) neutralino mass points, as well as a heavy(mg=7.5 TeV shown as x’s) and light(mg=1.5
TeV shown as dots) gluino mass points.
We see that in the squark-neutralino production mode, the production cross section falls
off very sharply as the squark mass approaches the kinematic threshold of 14 TeV exactly
as we expect. In examining the neutralino-gluino production we see that increasing the
neutralino mass from effectively zero to 1 TeV produces an order of magnitude difference in
cross section. We also note that for large values of squark mass, above the average center of
mass energy of LHC collisions, the gluino squark production process is well approximated by
a dimension 6 effective operator proportional to 1
m2sq
. Tree level gluino neutralino production
is the dominant process over a large range of squark masses, and remains above the a femto-
barn for squark masses of a few TeV. The loop-level gluino neutralino production from gluon
fusion is much smaller than the production from quark fusion except in the case of very light
squarks, and falls rapidly with the squark mass. We therefore neglect loop level production
in this work.
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EVENT KINEMATICS AND SUSY PARAMETER SPACE
Our study of gluino-weakino production relies on four parameters, the weakino and gluino
masses, the weakino mixing content, and the squark masses. In this analysis, we will fix
the weakino content by demanding that the lightest neutralino be purely wino-like. In the
wino-like the case, the LSP neutralino will be accompanied by an almost mass degenerate
pair of charginos, split from the LSP mass by an amount which must be more than a pion
mass [16]. In our simplified model only the squarks, gluinos and wino-like weakinos will
be light with all other SUSY masses including sleptons, the bino, and Higgsinos very large,
the choice of heavy Higgisnos and bino is theoretically consistent with a wino-like LSP.
The gluinos are produced in association with both light charginos and neutralinos. In our
studies we have fixed the neutralino mass to be 100 GeV. This is phenomenologically viable,
as in searches with very small mass splittings between the neutralino and chargino, light
neutralino masses are mostly unconstrained by current disappearing track or mono-boson
searches [17] [18] [19]. Disappearing track searches will have sensitivity to order 100 GeV
wino scenario for a narrow range of mass splittings in the full HL-LHC run [20] and mono-
boson searches may constrain some parameter space. Having fixed the mass of neutralinos
and charginos we may now consider the kinematics of our signal events as a function of
gluino and squark masses.
In our simplified SUSY spectrum the decay modes of the gluinos will be g˜ → qq˜ → qqχ0
and g˜ → qq˜ → qq′χ±. Note here the decay of the gluino may proceed through either on or
off shell intermediate squarks. The chargino decay will proceed through an off shell W to
the neutralino and soft products. The signal events will thus be amenable to an inclusive
jets plus missing energy search.
One main characteristic of these events is a substantial amount of missing energy. Recall
that the definition of missing transverse energy is that it is the negative vector sum of the
visible transverse momentum, EmissT = −ΣpT . We may examine the characteristic distribu-
tions of missing energy using collider simulation techniques. We generated samples of signal
events using Madgraph [14], events were decayed with Madspin[21], showered using pythia
[22], and run through the pgs detector simulator [23]. Events were generated applying a 300
GeV generator level EmissT cut.
The upper right hand corner of figure 3 shows the EmissT distribution of 30000 signal
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events compared to the Zjj background for a benchmark point with mg˜ 2.6 GeV and mq˜
1.6 TeV. This benchmark point involves gluino decay through an on-shell squark. In the
rest frame of the gluino we may compute the squark’s momentum, pq˜, which is approxi-
mately (mg˜
2 −mq˜2)/2mg˜. The squark subsequently decays to a nearly massless quark and
much lighter neutralino/chargino leaving the visible momentum in the event substantially
unbalanced. The maximum EmissT occurs when the squark is ejected in the fully transverse
direction, in which case we would expect the characteristic missing energy to be around .8
TeV in the gluino’s rest frame for our benchmark point. The characteristic missing energy of
an event increases with increasing gluino mass as expected and also increases with increasing
weakino mass.
In figure 3 we have also plotted the distribution of the dijet invariant mass of our events,
in the upper left corner. In out figure,the invariant mass is computed by taking the invariant
mass of the two leading hard jets, which are overwhelmingly likely to come from the decay of
the gluino. For our benchmark point with mq˜ >> mχ0 the maximum invariant mass should
be approximately pq
√
(p2q +mq˜
2) + p2q, about 2 TeV for out benchmark point. We see this
estimate agrees with our plot.
In order to characterize the kinematics of the event we may construct the transverse mass
of the leading di-jets. The standard transverse mass is given by m2T0 = (ΣET )
2 − (ΣpT )2.
For our benchmark point, the minimum transverse mass occurs when the gluino decay ejects
the initial squark in the longitudinal direction. The transverse mass of the dijet system will
depend on the azimuthal angle of the initial squark, so we expect the transverse mass to
then be distributed uniformly until the maximum occurs when the gluino decay ejects the
squark in the purely transverse direction. For our benchmark points we may compute this
at bit under 2 TeV. In the lower left of figure 3 we show the distribution of mT0 consistent
with our expectations.
We see that with in our mT0 distribution, we have a significant number of events pop-
ulating the low transverse mass region. This is less efficient for distinguishing signal from
background as there is significant overlap in the low transverse mass region. Therefore, in
analyzing our events, we also use a generalization of the ’inclusive’ transverse mass which
we define as m2T i = (m
2
iv +(ΣpT )
2). We see that with this definition, the inclusive transverse
mass of our leading dijet system will be guaranteed to be larger than the invariant mass. We
thus expect that, compared to the di-jet invariant mass distribution, the mT i distribution
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should have more events at high values. We expect a maximum of the inclusive transverse
mass again when the gluino decay ejects the squark in the transverse direction. Our rough
calculation for on-shell squarks yields a maximum value pq
√
(p2q +mq˜
2) + p2q + p
2
q/4. With
the characteristic value of this distribution being a bit above that of the invariant mass dis-
tribution, we also expect the mT i distribution to favor higher values (and have fewer events
at low value) as compared to the mT0 distribution. The leading di-jet mT i distribution is
plotted in the lower right of figure 3. The distribution shape conforms our expectations from
simple kinematics.
FIG. 3: Histograms giving the distribution of various kinematic discriminants in signal and back-
ground events of sample size 10000. The upper left plot gives the di-jet invariant mass distribution
of events; the upper right gives the EmissT distribution of events; the lower left shows the di-jet mT0
distrbution, and the lower right shows the di-jet mT i distribution.
8
CUT BASED ANALYSIS
Having discussed the signal kinematics we now describe our cut based jets plus missing
energy analysis which has been taylored for this signal. We note that in the production of
signal events we have scaled the tree level cross section predictions from Madgraph with a
modest k factor of 1.3, which is consistent with next to leading order computations for this
process [24][25]. The main background for this process consists of Z + jets production in
which the Z boson decays to neutrinos; qq → Zjj → EmissT + jj. In testing the possible
t-tbar background as a source of jets plus missing energy events, we found the number of
events passing cuts to be negligible in our analysis compared to the main Z+jets process.
Background events were also created with consistent 300 GeV generator level missing en-
ergy cuts. Background events were generated using Madgraph, showered with pythia, and
passed through the pgs detector simulator. The kinematic distribution of missing energy,
invariant di-jet mass, mT0 and mT i are given along with the signal in figure 3. We see in
the distribution plots that resulting EmissT distribution for the background is peaked at small
values and swiftly falling with increasing missing energy. The transverse and invariant mass
distributions are also peaked at low value and fall off very quickly at high values. In order
to separate signal from background in our analysis we therefore consider the following cuts,
• Events must contain at least 2 jets in the central region of the detector η < 2.5
• Jets must have pT > 20GeV
• Events must have EmissT ≥ 500 GeV
From this point we now test four possible cut flows. We choose to construct and cut around
one of two transverse masses, either mT0 or mT i. We choose to construct these transverse
masses one of two possible ways, using either an exclusive di-jet or an inclusive all-jet method.
First we describe the exclusive method,
• A dijet transverse mass discriminant mT = mT0 or mT i is constructed using only the
two leading jets in the event
• the chosen mT must fall in a kinematic window which varies with hypothesized gluino
mass Mg −∆ < mT < Mg + ∆ where ∆ is .5Mg
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mg˜ 2.2 TeV
cut g˜χ0 g˜χ
− g˜χ+ Z j j
none 10000 10000 10000 10000
inclusive mT0 1511 2417 2509 94
500 GeV EmissT 1048 1592 1645 11
mg˜ 1.0 TeV
cut g˜χ0 g˜χ
− g˜χ+ Z j j
none 10000 10000 10000 10000
inclusive mT0 2269 4091 4259 1091
500 GeV EmissT 796 583 532 124
TABLE I: Cut flow for signal and the main Z jj background for 2 benchmark points with 1.6
TeV quarks. The transverse mass mT0 is reconstructed using the exclusive di-jet method. To
demonstrate the change in efficiencies as the transverse mass window shifts with gluino mass, the
top benchmark point gives cut flow for a 2.2 TeV gluino while the bottom benchmark point gives
cut flow for a for 1 TeV gluino.
Next we describe the inclusive all-jet method,
• A transverse mass discriminant mT = mT0 or mT i is constructed using all viable jets
• the chosen mT must fall in a kinematic window which varies with hypothesized gluino
mass Mg −∆ < mT < Mg + ∆ where ∆ is .5Mg
To show the difference in sigmal and background distributions using our four cut-flow
techniques, we have created figure 4. In this figure, we have chosen a benchmark point with
gluino mass of 2.6 TeV and squark mass of 1.6 TeV. We show scatter plots for 10000 signal
events and 10000 background events in the missing energy-transverse mass plane. The upper
left plot shows EmissT vs mT0 using the exclusive dijet method, the upper right shows E
miss
T
vs mT i using the exclusive di-jet method. The lower left plot shows E
miss
T vs mT0 using
the inclusive all-jet method, the upper right shows EmissT vs mT i using the inclusive all-jet
method. We see that the inclusive all-jet methods have the predictable effect of smearing
out the events. We also note the events take a characteristic distribution in the missing
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FIG. 4: Scatter plot of missing transverse energy vs various invariant masses in signal and back-
ground events. The black dots are background, the red blue and green dots show events with
gluinos produced in association with χ0, χ
+ and χ− respectively. The upper plots show the exclu-
sive di-jet cut method with the left giving the distribution of mT0 and the right giving mT i. The
lower plots show the inclusive all-jet method with the left giving the distribution of mT0 and the
right giving mT i.
energy-transverse mass plane, which would be an interesting subject for efforts to further
optimize this analysis.
In table 1 we present a sample cut-flow for signal and background events for two possible
benchmark points. We have used the exclusive di-jet method to construct the mT0 transverse
mass for the cut flow in this table. To show how the search efficiencies depend on the gluino
mass we show cut-flows for a benchmark point with squark mass 1.6 and gluino mass 2.2
TeV, and another benchmark point with squark mass 1.6 TeV and gluino mass 1 TeV. We
see from the cut-flow that as we raise the gluino mass we also raise threshold to make it into
the transverse mass window. The high transverse mass threshold ensures that the ratio of
signal to background efficiency decreases drastically for appreciable gluino masses.
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FIG. 5: Significance for gluino-weakino production vs gluino mass for various squark masses. The
upper plot gives significances for the search which uses the di-jet mT0 tansverse mass discriminant.
The lower plot gives the significance for the search which uses the di-jet mT i tansverse mass
discriminant.
RESULTS
We will now construct the discovery potential for gluinos for the 3 inverse atto-barn run
of the HL-LHC. Using conventions for low background statistics we may define the signal
significance, S. With Sg as the number of signal events and B the number of background
events S=Sg/
√
B. The conventional threshold for discovery is to take S=5 for discovery
and S= 3 for sensitivity [26].
In figure 5 we have plotted significance vs. gluino masses for various squark masses
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in the gluino-weakino associated production channel. We have added horizontal lines to
indicate the significance thresholds of 5 for discovery and 3 for sensitivity. In addition, we
have added a vertical line at a gluino mass of 2.4 GeV for comparison to current stated
discovery potential. In the upper plot we have shown results using our exclusive di-jet
search, constructing the transverse mass mT0. In the lower plot we show results using our
exclusive di-jet search constructing the transverse mass mT i. For comparison, we give a plot
using the inclusive method in the Appendix.
We see from figure 5 that the gluino discovery potentials in our scenario depend heavily
on squark masses. ATLAS sets the current limits for squark masses decaying 100 percent of
the time via q˜ → qχ0 to jets plus missing energy at 1550GeV for 100 GeV neutralino masses
[1]. CMS places limits in this scenario of 1325GeV [2]. ATLAS searches in the 1-lepton final
state bound squark masses to be at least 1200 GeV [27], but this result involves a squark
decaying through on-shell W bosons to hard leptons q˜ → qχ± → qWχ0. In our scenario the
squark has a significant branching fraction into charginos that are highly mass degenerate
with the neutralino LSP, it is then a question as to what squark lower mass limits are in
this scenario. The 0-lepton search limits present to us a conservative a conservative choice
of lower squark mass bounds.
We can see that in our search constructing mT0 from exclusive di-jets, we find a 5 sigma
discovery potential for gluinos with masses of 3.1 TeV for 1.6 TeV squarks. For 1.6 TeV
squark masses we find a 3 sigma sensitivity potential for gluinos of masses 3.4 TeV. One will
notice a feature in this sensitivity plot that appears once the possibility of decay through an
on-shell squark becomes kinematically possible for the gluino, improving the search efficiency.
In the lower plot, using the mT i discriminant constructed from exclusive di-jets, we can see
that for squark masses of 2.2 TeV, we have a 5 sigma discovery potential for gluinos of
2.2 TeV with a 3 sigma sensitivity potential for gluinos of about 2.5 TeV. Our results are
competitive with current projections and may raise the discovery potential for gluino masses
above 2.4 in the case of lighter squark masses.
CONCLUSIONS
We have demonstrated the 5 sigma discovery potential for the 3 inverse atto-barn HL-
LHC may extend to gluinos masses in the 2.4 to 3 TeV range by studying the gluino-weakino
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production channel. The discovery potential in this case is competitive with that of the
standard gluino pair production channel. The resultant discovery potential comes despite
smaller a production cross section than the gluino pair production process. However, the
stand-out kinematics of the gluino recoiling off of a light weakino allows our analysis large
missing energy cut, and very substantial di-jet transverse mass cut. The resulting search
has a low background rate and ensures the gluinos are discoverable.
This work offers an existence proof that the gluino discovery potential may be substantial
in the gluino-weakino channel by employing a very basic cut based analysis. We thus note
that with optimization and improvements of the gluino-weakino analysis, it is possible the
discoverable gluino mass threshold may be raised even more. We will discuss some oppor-
tunities for expanded searches. As was mentioned before, a more sophisticated kinematic
cut may be engineered to take into account the relation of missing energy to the transverse
mass in the signal events. In addition, more sophisticated cuts may be made to take into
account the shape of the distributions of the kinematic variables. These edge effects have
been discussed in proposed searches for supersymmetric particles [28]and exotics such as
Dark Matter [29]. Further, alternate regions of SUSY parameter space may be studied. One
example is regions of SUSY parameter space where squark decay channels may be altered
to include intermediate states like second to lightest neutralinos or on-shell vector bosons.
This may add hard leptons to the events. In addition, lower mass limit on squarks in these
scenarios are more loose, in which case the gluino production cross section may be increased.
Another possibility is to consider models which split the masses of squark flavors. We
have operated under the assumption that 4 flavors of squark are mass degenerate. This gives
the toughest lower mass bounds to squarks which decay to quark plus neutralino. Splitting
squark flavors may relax the lower mass bound on squarks and have interesting effects on
production cross sections of the gluino weakino pair due to differing quark pdfs.
Finally, in the wino or Higgsino like weakino scenarios, the mass splitting of the chargino
and LSP might be adjusted to ensure that the chargino resultant in the gluino decay lives
an intermediate amount of time and appears as a disappearing track. An additional disap-
pearing track and two hard jets may produce a great discovery scenario for this process.
14
FIG. 6: Significance for gluino-weakino production vs gluino mass for various squark masses.
Significances are given for the search which uses the all-jet mT0 transverse mass discriminant.
APPENDIX
For comparison we give a plot of signal significant vs. gluino mass for a range of squark
masses in a search using the all jet inclusive mT0 discriminant.
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